Background. The widespread use of pneumococcal conjugate vaccine (PCV) has brought about a dramatic decrease in pneumococci of vaccine serotypes (VTs) but nonvaccine serotypes (NVTs) have emerged.
proteins on the bacterial capsule) in response to vaccine pressure has been reported [14] .
In The Gambia, where PCV7 was introduced in 2009 and replaced by PCV13 in 2011, Mackenzie et al [15] reported an 82% reduction in vaccine serotype (VT) invasive pneumococcal disease (IPD) and a 47% increase in NVT IPD 2 years after PCV13 introduction. These data are consistent with data from 2 successive carriage surveys conducted before PCV13 introduction (2 years after PCV7 and 1 year before PCV13 introduction), which showed a decrease in PCV13 VT carriage in infants but not their mothers (ie, no herd effect). Despite the decrease in VTs, a third of all pneumococcal isolates were VTs [16] . Interestingly, an increase in the prevalence of carriage with nontypeable pneumococci, the majority of which had lost their capsule, was also observed [16] .
The increase in NVT carriage and the continued presence of VTs after PCV, both in carriage and disease, are a cause for concern. To continue monitoring the direct and indirect effects of PCV13 among vaccinated infants and their unvaccinated mothers on overall VT and NVT carriage, and to explore vaccine impact on nontypeable strains, we conducted a third pneumococcal carriage survey, 5 years after PCV13 introduction.
METHODS

Study Setting
The study was carried out at 2 government health facilities that offer maternal and child health services with regular Expanded Programme on Immunisation clinics. PCV13 was introduced without a catch-up in a 3+0 schedule with doses given at 2, 3 and 4 months. The World Health Organization/United Nations Children's Fund (UNICEF) immunization data reported >95% coverage of PCV13 dose 3 in 2016 [17] .
Study Design
We conducted a cross-sectional survey (CSS) 5 years after PCV13 in 2016 (CSS3). The results were compared with historical data from 2 earlier surveys conducted before PCV13 introduction in 2011 (CSS1) and 1 year after PCV13 introduction in 2012 (CSS2) [16] . The study design, recruitment sites, entry criteria, sample collection, and laboratory methods were similar, and all 3 surveys were conducted between March and June. In all 3 surveys, we recruited healthy infants 6-12 months of age and their mothers at the Expanded Programme on Immunisation clinics. Infants were recruited only if they had received 3 doses of PCV13, ≥1 month before recruitment and were accompanied by their biological mother. We collected information on demographics and risk factors for carriage by interviewing the mothers. Nasopharyngeal swab samples were collected from the mothers and their infants. Written informed consent was obtained from the mothers. The study was approved by the joint Medical Research Council-Gambia (MRCG) Government Ethics Committee.
Nasopharygeal Swab Sample Collection
A calcium alginate swab was passed gently down the posterior wall of the nasopharynx. The swab was removed and placed in skim milk-tryptone-glucose-glycerol (STGG) transport medium. The STGG vials were taken to MRCG laboratories, as recommended elsewhere [18, 19] .
Laboratory Processing
The samples were stored at −70°C and processed as described elsewhere for CSS1 and CSS2 [16] . In brief, 200 µL of thawed, vortexed STGG medium was placed into 5 mL of Todd Hewitt broth containing 5% yeast extract, and 1 mL of rabbit serum. This mixture was vortexed and then incubated at 37°C for 4-6 hours. Subsequently, a 50-µL aliquot was inoculated onto gentamycin blood agar and incubated overnight in 5% carbon dioxide at 37°C for the selective isolation of Streptococcus pneumoniae. The morphologically distinct alpha hemolytic colonies were screened for optochin susceptibility. Serotyping was performed using latex agglutination technique [20] . As in CSS1 and CSS2, serotyping was repeated for all nontypeable isolates.
Whole-genome Sequencing for Nontypeable Pneumococcal Serotypes
Twenty-nine nontypeable isolates from CSS1 and CSS2 were previously analyzed using whole-genome sequencing at the Wellcome Sanger Institute. In the current study, we analyzed a further 23 nontypeable isolates obtained from CSS3.
The sequencing, identification of contaminants, and multilocus sequence typing were done as detailed elsewhere [16] . The phylogenetic tree was reconstructed from single-nucleotide polymorphism sites [21] using RAxML software Version 8 [22] . In silico serotype was determined using the k-mer-based serotyping method, SeroBA [23] . This identified serotypes and generated capsule loci gene assemblies. No assemblies were generated for classic nontypeable pneumococci or isolates that have lost their capsule synthesis genes. Assemblies were annotated using Prokka software (Version 2) [24] . To investigate potential reasons for the noncapsule expression, all capsule loci were compared with reference capsule loci derived from Bentley et al [25] using the Artemis comparison tool [26] . Genes showing significant difference to the reference genes were aligned and visualized using SeaView software (Version 4) to investigate for truncations and mutations that may cause loss of function.
Sample Size Calculation
We targeted 350 infants, for a sample size similar to the those in CSS1 and CSS2. This provided 90% power to detect a 50% reduction in the prevalence of PCV13 VTs and a 25% increase in NVTs compared with CSS2, that, a decrease of PCV13 VT prevalence from 18% to 9% among infants and from 8.1% to 4.1% among mothers, and an increase in PCV13 NVT prevalence from 66.3% to 82.9% among infants and from 16.1% to 20.1% among mothers [16] .
Data Management and Analysis
We calculated PCV7 carriage prevalence (serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F), PCV13 carriage prevalence (PCV7 serotypes +1, 3, 5, 6A, 7F, and 19A), and PCV13 NVT carriage prevalence (all other serotypes, including nontypeables). In addition, we calculated the prevalence of the 6 serotypes contained in PCV13 but not in PCV7. We used Poisson regression with robust standard errors to estimate prevalence ratios, comparing both CSS1 and CSS2 with CSS3, and to adjust for potential confounders. We tested the hypothesis that the proportion of PCV13 VTs was the same among "typeables" (ie, isolates of known serotypes) and nontypeables [16] using Fisher exact test. All analyses were done using Stata 14 software (StataCorp).
RESULTS
Characteristics of the Study Participants
We recruited 351 infants and 347 mothers in CSS3. Swab samples were obtained from a total of 1020 mothers and 1040 infants over the 3 surveys (20 mothers had twins). Across the surveys, the median age was 25 years (interquartile range, 21.0-29.3 years) for mothers and 7.9 months (6.8-9.4 months) for infants, and 51.8% of the infants were males. The demographic and epidemiological characteristics of the women and infants were similar across the surveys, except that in CSS1 mothers were less educated and infant antibiotic use was more common ( Table 1) .
Prevalence of Pneumococcal Carriage Before and 5 Years After PCV13
Vaccinated Infants
Overall carriage was approximately 85% over the 3 surveys (Table 2) . VT pneumococcal carriage decreased from 33.3% (113 of 339 infants) in CSS1 to 11.4% (40 of 351) in CSS3 (P < .001), while NVT carriage increased from 53.1% (180 of 339) in CSS1 to 74.4% (261 of 351) in CSS3 (P < .001). VT carriage decreased further between CSS2 and CSS3 (from 18.3% to 11.4%; P = .02), while NVT carriage increased (from 66.9% to 74.4%; P = .02) ( Table 2 ). For the 6 serotypes included in PCV13 but not in PCV7, there was a significant decrease in prevalence b Data from Roca et al [16] .
c The infants included 20 pairs of twins: 8 CSS1, 3 in CSS2, and 9 in CSS3. There were was 331, 341, and 347 mothers in CSS1, CSS2, and CSS3, respectively.
d P values obtained with χ 2 test.
e Seven-valent PCV was introduced in 2009, 2 years before the start of this study.
f Sex missing for one infant in CSS2.
g Date of receipt of PCV missing for 6 infants in CSS1, 2 in CSS2 and 1 in CSS3.
h Antibiotic use within 4 months of survey. between CSS1 and CSS2 (from 23.9% to 13.7%), with an additional drop to 5.4% in CSS3 (P < .001). Among VTs, 19A decreased in prevalence from 8.3% in CSS1 to 0.9% in CSS3 (P < .001), and 19F decreased slightly, from 5.6% to 2.8% (P = .08). Serotype 6A decreased from 15.3% in CSS1 to 5.7% in CSS2 (P < .001). The most prevalent VT in CSS3 was serotype 7F (3.4%), which had not been seen in the previous surveys (P < .001). Serotype 21 was the second most prevalent NVT (7.1%), having increased significantly from CSS1 (3.2%; P = .03), and there was also a significant increase in the nontypeables, from 0.3% in CCS1 to 3.4% in CSS3 (P = .02).
Mothers of Vaccinated Infants
Overall pneumococcal carriage increased from 23.0% (76 of 331 mothers) in CSS1 to 37.7% (129 of 342) in CSS3 (P < .001) ( Table 3 ). Although VT carriage was similar in all 3 surveys (6%), NVT carriage increased from 16.6% (55 of 331) in CSS1 to 32.2% (110 of 342) in CSS3 (Table 3) .
Serotype 3 was the most prevalent VT in CSS3 (1.8%), followed by 19F (1.2%). Other VT serotypes that were prevalent in CSS1 and CSS2 decreased considerably; 19A decreased from 1.8% in CSS1 to 0.3% in CSS3, and 6A from 1.8% in CSS1 to 0% in CSS3 (P = .01). Several NVTs increased between CSS1 and CSS3. Notably, serotype 21 increased from 0.9% in CSS1 to 2.9% in CSS3 (P = .07), and nontypeables increased from 0.3% in CSS1 to 3.2% in CSS3 (P = .02) ( Table 3) .
Genotypic Analysis of the Nontypeable Serotypes
A total of 52 phenotypically nontypeable isolates were analyzed, including 3 from CSS1 (2 from mothers and 1 from an infant), 26 from CSS2 (5 from mothers and 21 from infants), and 23 from CSS3 (11 from mothers and 12 from infants). Three isolates were Streptococccus pseudopneumoniae-1 from a mother in CSS1 and 2 from infants in CSS2 [16] -and 1 was a nonpneumococcal Streptococcus from a mother in CSS3. Fifteen isolates (28.8%) were of the classic nontypeable lineage. The others (33 isolates; 63.5%) were of an encapsulated pneumococcal lineage and had lost their ability to express a capsule through 3 different mechanisms ( Figure 1 and Table 4 ). Eight had a standard capsular polysaccharide synthesis locus but no capsule phenotypically detected, 15 had indels in capsule synthesis genes or complete loss of capsule loci, and 10 had acquired a locus typically found in classically nontypeable isolates. Based on combined data from CSS2 and CSS3, 8 mothers and 19 infants carried nontypeables that were nonclassic; 7 (87.5%) and 8 (42.1%) were of the VT lineage, respectively. Compared with VT carriage prevalence of 22.6% (49 of 217) in mothers and 17.5% (104 of 595) in infants, this corresponds to a 3.9-fold increase (95% confidence interval, 2.7-5.6; P < .001) in mothers and a 2.4-fold increase (1.4-4.2; P = .01) in infants.
DISCUSSION
Despite the observed decline in VT pneumococcal prevalence in mothers and infants since the introduction of PCV13 in The Gambia, VT pneumococci continue to circulate in both groups. Among infants, the decrease in PCV13 VT carriage and associated increase in NVTs resulted in no change in overall pneumococcal carriage. In contrast, the decrease in VTs in mothers was less pronounced than the increase in NVTs, resulting in a net increase in overall pneumococcal carriage. Our previous observation that the increase in nontypeable pneumococci after PCV is due mainly to serotypes that have lost their capsule was confirmed by data from CSS3 [16] .
Although the direct effect of PCV13 on circulating PCV13 VTs among vaccinated infants was observed 1 year after its introduction (CSS2) [16] , 5 years later (CSS3) VTs were still circulating in infants who had received 3 doses of the vaccine. The PCV13 VT prevalence in this study (11.4%) is similar to VT carriage among Gambian newborns 2 years after routine PCV13 [27] but 2-fold higher than PCV13 VT prevalence in Greenlandic children <5 years old (5%) 3 years after PCV13 [28] , Belgian children (5.4%) 5 years after PCV13 and 9 years after PCV7 [29] , and Australian aboriginal children <5 years old (5.8%) 3 years after PCV13 and 10 years after PCV7 [30] . We saw a significant increase in serotype 19F after PCV13 introduction which was also among the most common VTs after PCV13 in the Belgian study [29] . We also observed an increase in serotype 7F prevalence in CSS3. The increase is surprising because a mathematical model of pneumococcal transmission in The Gambia predicted that PCV13 would eliminate low-transmission VTs, including 7F [31] . A similar increase in 7F was observed in IPD surveillance data after introduction of PCV13 in Australia. However, elsewhere there has been a decline in 7F after PCV13 [32] . Our results suggest a PCV13 herd effect among Gambian mothers of vaccinated infants, particularly for serotypes 6A and 19A; such an effect was not yet apparent 1 year after the introduction of PCV13 (CSS2). However, we have to interpret this decrease in VTs with caution, because the decrease between CSS1 and CSS3 was not significant, and there was an increase between CSS1 and CSS2 driven by the large increase in serotype 19A in CSS2. A cluster-randomized trial conducted in rural Gambia demonstrated a herd effect of PCV [33] , as have countries that have introduced PCV7 [34] and countries that have introduced PCV13 with a booster dose [6] .
We found that the prevalence of serotype 19A decreased after PCV13 introduction and was low in CSS3 in both mothers and infants. This is in contrast to data from the United Kingdom and Alaska. In the United Kingdom, among the first countries to switch from PCV7 to PCV13, IPD associated with 19A has begun to increase in recent years [35] , and in Alaska, PCV13 protection against 19A is waning in older vaccinated children, possibly owing to the emergence of a new genotype. Longer surveillance in our setting is needed to better understand the trend of this serotype in carriage and disease
In mothers, serotype 3 was the most prevalent serotype in CSS3, and cases of IPD caused by this serotype are still seen in The Gambia [15] . This serotype, which had already decreased before PCV13 introduction, shows secular trends in The we had already observed an increase between CSS1 and CSS2. In CSS3, we detected a significant increase in serotypes 21 and 23B. These were also the most prevalent serotypes in the post-PCV13 era in studies conducted in The Gambia [27] , Italy, and Norway [39, 40] . Unexpectedly, among mothers the increase in NVTs exceeded the decrease in VTs, resulting in an overall increase in carriage. Although this large increase is difficult to explain, it probably reflects an upsurge in pneumococcal transmission rather than biased sampling, because similar field and laboratory methods were used in all 3 surveys and recruitment took place during the same time of the year to minimize any effect of season [41] . Nontypeable strains increased in prevalence over the 3 surveys in both vaccinated infants and mothers, which is consistent with the rise in nontypeable strains causing noninvasive and invasive disease after PCV13 introduction in Taiwan [42] . Further whole-genome sequencing analysis of all the nontypeables confirmed our previous hypothesis that VTs are more likely than NVTs to lose their ability to express the capsule after introduction of PCV. These "capsular switches" may be due to the selection of variants that existed in the pre-PCV era. Capsular loss is relatively common for S. pneumoniae, and increased loss due to vaccine pressure has also been reported in other studies [14] .
Nontypeable pneumococci are likely to be underreported [43] because they are generally excluded from the analyses in epidemiological studies and vaccine trials, including the ongoing surveillance of the IPD in The Gambia [15] . This may be because their role in disease has been limited. For example, in South Africa over a 10-year period spanning from before to after PCV, and in the United States over a 3-year period in the post-PCV era, nontypeables rarely caused disease [44, 45] . We nonetheless advocate for the inclusion of nontypeable strains in epidemiological surveillance studies owing to their increasing importance and potential for maintaining transmission.
The 3 surveys provide valuable data on the timeliness of vaccination. It is often assumed that vaccination in Africa is substantially delayed and more in line with a 2 + 1 schedule (ie, 2 doses before age 6 months and 1 "booster dose" after 9 months). However, our data suggest that in The Gambia the schedule used is close to 3 + 0 (the median age for PCV dose 3 vaccination was 5 months). Our study therefore represents a genuine evaluation of the 3 + 0 schedule and, as such, contributes to the current debate over the relative merits of the 3 + 0 versus the 2 + 1 PCV schedule [46] .
The main limitations of our study were intrinsic to the study design, in that we cannot exclude secular trends in individual serotypes because variability in the prevalence of serotypes was already described before vaccine introduction [47] . In addition, our surveys started only after PCV7 was introduced into routine immunization, and therefore our comparisons were between children vaccinated with PCV7 (CSS1) and those vaccinated with PCV13 (CSS2 and CSS3), capturing only the additional effect of PCV13 over PCV7. There may have been residual confounding, because we did not adjust for the number of siblings, and other studies have shown increased risk of carriage when infants live with other children [27, 47] . However, there was no difference in maternal age between surveys, a potential proxy for number of siblings. Moreover, though we did not collect information on household size in CSS3, there was no association between carriage and household size in CSS1 and CSS2.
In conclusion, we have shown important effects of the introduction of PCV13 into routine immunization in The Gambia, including direct and indirect effects and serotype replacement. Continued disease surveillance and additional carriage surveys are necessary to monitor the persistence of VTs, the emergence of NVTs, and the role of nontypeables in transmission and disease. An alternative vaccination schedule (not necessarily reducing the number of doses) needs to be considered to halt ongoing VT transmission.
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